Abstract Accumulation of misfolded proteins and alterations in calcium homeostasis induces endoplasmic reticulum (ER) stress, leading to apoptosis. In this study, we tested the hypothesis that b-AR stimulation induces ER stress, and induction of ER stress plays a pro-apoptotic role in cardiac myocytes. Using thapsigargin and brefeldin A, we demonstrate that ER stress induces apoptosis in adult rat ventricular myocytes (ARVMs). b-AR-stimulation (isoproterenol; 3h) significantly increased expression of ER stress proteins, such as GRP-78, Gadd-153, and Gadd-34, while activating caspase-12 in ARVMs. In most parts, these effects were mimicked by thapsigargin. b-AR stimulation for 15 min increased PERK and eIF-2a phosphorylation. PERK phosphorylation remained higher, while eIF-2a phosphorylation declined thereafter, reaching to *50% below basal levels at 3 h after b-AR stimulation. This decline in eIF-2a phosphorylation was prevented by b1-AR, not by b2-AR antagonist. Forskolin, adenylyl cyclase activator, simulated the effects of ISO on eIF-2a phosphorylation. Salubrinal (SAL), an ER stress inhibitor, maintained eIF-2a phosphorylation and inhibited b-ARstimulated apoptosis. Furthermore, inhibition of caspase-12 using z-ATAD inhibited b-AR-stimulated and thapsigargin-induced apoptosis. In vivo, b-AR stimulation induced ER stress in the mouse heart as evidenced by increased expression of GRP-78 and Gadd-153, activation of caspase-12, and dephosphorylation of eIF-2a. SAL maintained phosphorylation of eIF-2a, inhibited activation of caspase-12, and decreased b-AR-stimulated apoptosis in the heart. Thus, b-AR stimulation induces ER stress in cardiac myocytes and in the heart, and induction of ER stress plays a pro-apoptotic role.
Introduction
Increased sympathetic activity to the heart is an early response to hemodynamic dysfunction [1, 2] resulting in enhanced exposure of cardiac myocytes to the primary neurotransmitter, norepinephrine. Cardiac myocyte apoptosis has gained recognition as an important determinant of structure and function of the myocardium [3, 4] . Stimulation of b-adrenergic receptors (b-AR) induces apoptosis in cardiac myocytes in vitro and in vivo [5] [6] [7] [8] . b-AR-stimulated apoptosis in adult rat ventricular myocytes (ARVMs) is shown to occur via the JNK-dependent mitochondrial death pathway [9] . Our laboratory has provided evidence that b-AR stimulation activates glycogen synthase kinase3b (GSK-3b), and activation of GSK-3b plays a proapoptotic role in b-AR-stimulated apoptosis [10] .
The endoplasmic reticulum (ER or sarcoplasmic reticulum in cardiac myocytes) regulates protein synthesis, protein folding and trafficking, cellular responses to stress and intracellular Ca ?? levels [11] [12] [13] . Specifically, ER is recognized as the site of synthesis and folding of secreted, membrane-bound, and some organelle-targeted proteins. Accumulation of misfolded proteins and alteration in Ca homeostasis initiate an adaptive response in the cell, termed the unfolded protein response (UPR, ER stress response). As a result, ER-localized chaperones are induced, protein synthesis is slowed down, and a proteindegrading system is initiated [12] . Prolonged ER stress may take on the role of executioner by increasing expression of ER stress proteins, such as Gadd-153 and Gadd- 34 , and activation of caspase-12. Prolonged ER stress triggers apoptosis in various cell types. A number of studies suggest that ER stress plays a critical role in the pathogenesis of heart failure. Expression of ER chaperones and accumulation of ubiquitylated proteins are demonstrated to be higher in failing human heart [14, 15] . Pressure overloadinduced cardiac myocyte apoptosis is shown to be associated with increased ER stress in the mouse myocardium [14] . Infusion of angiotensin II and induction of diabetes (using streptozotocin) are also shown to be associated with ER stress and apoptosis in the heart [16] . ER stressors (thapsigargin and tunicamycin) induced ER stress and apoptosis in neonatal cardiac myocytes [16] . Expression of a mutant KDEL (Lys-Asp-Glu-Leu) receptor, a retrieval receptor for ER chaperones, such as GRP-78, in mice resulted in dilated cardiomyopathy with enhanced expression of Gadd-153 [17] . Anti-b1-AR antibodies are shown to induce ER stress and apoptosis in neonatal rat cardiac myocytes [18] .
This study was undertaken to investigate if b-AR stimulation induces ER stress in ARVMs and in the heart, and if ER stress is involved in b-AR-stimulated apoptosis. It was hypothesized that induction of ER stress plays a proapoptotic role in b-AR-stimulated apoptosis. Our results show that b-AR stimulation induces ER stress in cardiac myocytes in vitro and in vivo. Using specific inhibitors of ER stress, we provide evidence that induction of ER stress plays a pro-apoptotic role in b-AR-stimulated myocyte apoptosis.
Methods and material
Cell isolation and culture Calcium-tolerant ARVMs were isolated from the hearts of adult male Sprague-Dawley rats (150-200 g) as described previously [19] . ARVMs were plated in Dulbecco's modified Eagle's medium (DMEM; Mediatech) supplemented with HEPES (25 mM), BSA (0.2%), creatine (5 mM), L-carnitine (2 mM), taurine (5 mM), and 0.1% penicillin-streptomycin at a density of 30-50 cells/mm 2 on 100-mm tissue culture dishes (Fisher Scientific) or coverslips precoated with laminin (1 lg/ cm 2 ). The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). The animal protocol was approved by the University Committee on Animal Care.
Cell treatment
ARVMs, cultured for 24 h, were treated with isoproterenol (ISO; 10 lM; Sigma), forskolin (10 lM; Sigma), thapsigargin (2 lM; Sigma), or brefeldin A (BFA, 1 lM; Sigma) for 15 min, 3 h, or 24 h. For treatment with ISO, dishes were supplemented with ascorbic acid (100 lM). CGP20712A (0.3 lM; Sigma), ICI 118551 (0.1 lM; Sigma), salubrinal (SAL) (1 or 10 lM) or z-ATAD-FMK (10 lM; SM Biochemicals) was added for 30 min before ISO treatment. SAL was initially obtained from Dr Junying Yuan (Dept of Cell biology, Harvard Medical School), and then purchased from Tocris Bioscience. The concentrations of the inhibitors were chosen based on previously published articles [20] [21] [22] . The treatment times (3 and 24 h) were chosen based on the observation that an increase in the percentage of apoptotic ARVMs becomes apparent by 6 h which increases further by 24 h after b-AR stimulation [7] . Increased levels of cytosolic cytochrome C are observed 6 h after b-AR stimulation [9] , indicating induction mitochondrial death pathway at this time point. ER stress may act upstream in the activation of mitochondrial death pathway [23] .
Isoproterenol infusion in mice
For in vivo studies, CD-1 mice (Harlan Lab.) were infused with ISO (400 lg/kg/day) for 7 days by subcutaneous implantation of mini-osmotic pumps (Alzet) as described [5] . The mice were 5-8 weeks old and weighed 25-32 g. Saline (0.9% NaCl)-infused mice served as sham. To investigate the role of ER stress, mice were infused with SAL: 1 mg/kg/day in the presence (SAL ? ISO) or absence of ISO (SAL alone). SAL was dissolved in DMSO followed by dilution in saline [24] .
Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay TUNEL-staining was performed on ARVMs plated on thermanox coverslips using in situ death detection kit according to the manufacturer's instructions (Roche Molecular Biochemicals). The percentage of TUNEL-positive cells (relative to total ARVMs) was determined by counting *200 cells in 10 randomly chosen fields per coverslip for each experiment. To detect apoptosis in the heart, 5-lm-thick sections from the mid LV were stained using in situ death detection kit. To identify apoptosis associated with cardiac myocytes, the sections were immunostained using a-sarcomeric actin antibodies (1:50; 5C5 clone, Sigma). Hoechst 33258 (10 lM; Sigma) staining was used to count the total number of nuclei. TUNEL-positive nuclei clearly seen within cardiac myocytes were counted. The index of apoptosis was calculated as the percentage of apoptotic myocyte nuclei/total number of nuclei.
Western blot analyses
ARVMs were lysed in cell lysis buffer (10 mM Tris-HCl; pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.2 mM sodium orthovanadate, 0.5% Nonidet P-40, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride). LV lysates were prepared in RIPA buffer (158 mM NaCl, 10 mM Tris-HCl; pH 7.2, 1 mM EGTA, 1 mM sodium orthovanadate, 0.1% sodium dodecyl sulfate, 1.0% Triton X-100, 1% sodium deoxycholate, and 1 mM phenylmethylsulphonyl fluoride). Equal amounts of total proteins (50-100 lg) from cell or tissue lysates were analyzed by western blot as described [19] . The primary antibodies used were-GRP-78 (Stressgen), Gadd-34 (Santa Cruz), Gadd-153 (Santa Cruz), procaspase-12 (Sigma), PERK and p-PERK (Santa Cruz), eIF-2a (Santa Cruz), and p-eIF-2a (Cell Signaling). The membranes were stripped and probed for GAPDH (Santa Cruz; for cell lysates) or actin (Chemicon; for tissue lysates) as protein-loading controls. Band intensities were quantified using Kodak photodocumentation system (Eastman Kodak Co.)
Statistical analyses
All data are expressed as mean ± SE. Statistical analysis was performed using the student's t test or a one-way analysis of variance (ANOVA) followed by the StudentNewman-Keuls test. Probability (P) values of \0.05 were considered to be significant. The number (n) indicates the number of biological replicates.
Results

ER stressors induce apoptosis in ARVMs
To demonstrate if induction of ER stress induces apoptosis in adult cardiac myocytes, ARVMs were treated with thapsigargin (THAP; 2 lM; sarcoplasmic reticulum calcium ATPase inhibitor); and BFA, 1 lM, an inhibitor of protein transport between the ER and golgi complex as pharmacological ER stress inducers for 24 h. ISO; 10 lM treatment served as a positive control. Analysis of apoptosis using TUNEL-staining assay demonstrated that both pharmacological ER stressors significantly increase the number of apoptotic ARVMs (Fig. 1 ). The extent of apoptosis was found to be similar to that with ISO.
b-AR stimulation induces ER stress in ARVMs
Increased Gadd-153 expression is considered as a hallmark of ER stress. Gadd-153 may promote ER stress-induced apoptosis by promoting expression of Gadd-34, a nonenzymatic cofactor of PP1 involved in dephosphorylation of eIF-2a [25] . To study expression of Gadd-153 and Gadd-34, ARVMs were treated with ISO (10 lM) or THAP (2 lM) for 3 or 24 h. Analysis of total cell lysates by western blot using anti-Gadd-153 and Gadd-34 antibodies indicated 1.55 ± 0.18 and 1.62 ± 0.15-fold increase in Gadd-153 and Gadd-34 protein levels, respectively, as compared with control at 3 h after b-AR stimulation (*P \ 0.05 vs. CTL; n = 3-4; Fig. 2a, b) . THAP treatment for 3 h also increased expression of Gadd-153 and Gadd-34 ( Fig. 2a, b) . The expression of these proteins declined thereafter, reaching basal levels at 24 h after b-AR stimulation (data not shown). The expression of Gadd-153, not Gadd-34, remained higher at 24 h after THAP treatment (data not shown).
Glucose-regulated protein-78 (GRP-78; also called Bip) is a classical marker of UPR during ER stress. The induction of GRP-78 is required to alleviate ER stress and maintain ER function. During ER stress, misfolded proteins bind to GRP-78 and disrupt its interaction with the stress sensors, resulting in the activation of stress sensors (IRE1, PERK, and ATF6) [11] . To study expression of GRP-78, ARVMs were treated with ISO (10 lM) or THAP (2 lM) for 3 or 24 h. Analysis of total cell lysates by western blot using anti-GRP-78 antibodies indicated 1.2 ± 0.1-fold increase in GRP-78 protein levels as compared with control (*P \ 0.05 vs. CTL; n = 8; Fig. 2c ). No increase in GRP-78 protein levels was observed at 24 h after b-AR stimulation or at 3 and 24 h after THAP treatment (data not shown). The main caspase associated with the ER stress-induced apoptosis is caspase-12. Procaspase-12 (*50 kDa) predominantly localizes on the surface of the ER or in the soluble compartment of the ER [26] . Activation of caspase-12 by ER stress and calcium release can promote apoptosis via the involvement of caspase-3. A decrease in the procaspase-12 signal on western is considered as activation of caspase-12 [27] . To study activation of caspase-12, ARVMs were treated with ISO (10 lM) or THAP (2 lM) for 3 or 24 h. Analysis of total cell lysates by western blot using anti-procaspase-12 antibodies indicated a significant decrease in the levels of procaspase-12 at 3 h after b-AR stimulation. THAP also decreased levels of procaspase-12 (Fig. 3a) . The levels of procaspase-12 remained lower 24 h after b-AR stimulation or THAP treatment (Fig. 3b) .
Promotion of eIF-2a (eukaryotic translation initiation factor 2 subunit alpha) phosphorylation reduces protein synthesis and protein folding load in the ER, permitting cells to recover from ER stress that can otherwise lead to apoptosis [11] . Therefore, we next investigated the phosphorylation status of eIF-2a. Analysis of total cell lysates using phospho-specific eIF-2a antibodies indicated a significant increase in the phosphorylation of eIF-2a within 15 min of ISO treatment (Fig. 4a ). However, a significant decline in eIF-2a phosphorylation was observed at 3 h after ISO treatment. Phosphorylation of eIF-2a was *50% lower than control (Fig. 4b) . Phosphorylation of eIF-2a remained lower at 24 h after b-AR stimulation (Fig. 4c) . eIF-2a phosphorylation remained unchanged at 3 h after THAP treatment, while it was significantly increased at 24 h after THAP treatment (Fig. 4b, c) . Levels of total eIF2a remained unchanged during these treatment times (data not shown). Activation of PERK (PKR-like ER kinase)-and PERKmediated phosphorylation of elF-2a on ser-51 leads to-(1) a decrease in protein folding load in the ER; (2) the expression of eIF-2a phosphorylation-dependent ER stress genes; and (3) promotion of cell survival [11] . On the other hand, Gadd-34 is a nonenzymatic cofactor of PP1 involved in dephosphorylation of eIF-2a [25] . Analysis of phosphorylation of PERK using phospho-specific PERK antibodies indicated a significant increase in PERK phosphorylation at 15 min (Fig. 5a ) and 3 h after ISO treatment (Fig. 5b) . PERK phosphorylation declined thereafter reaching basal levels at 24 h after ISO treatment (Fig. 5c) . THAP treatment for 3 or 24 h increased PERK phosphorylation (Fig. 5b, c) . Levels of total PERK remained unchanged during these treatment times (data not shown).
Involvement of b-AR subtypes and adenylyl cyclase in the phosphorylation of eIF-2a
Stimulation of b 1 -AR increases apoptosis, whereas stimulation of b 2 -AR inhibits apoptosis [20, 28] . To study the involvement of (Fig. 6a) .
Alleviation of ER stress maintains phosphorylation of eIF-2a and inhibits apoptosis
The drug SAL is identified as a selective inhibitor of phosphatase (Gadd-34-PP1) that dephosphorylates eIF-2a [21] , thereby maintaining eIF-2a phosphorylation and offering protection from the adverse effects of ER stress [29] . To investigate the role of SAL in maintenance of eIF2a phosphorylation, ARVMs were pretreated with SAL (10 lM) for 30 min followed by treatment with ISO for 3 h. SAL pretreatment significantly inhibited b-AR-stimulated decreases in eIF-2a phosphorylation (Fig. 6b) . To study if SAL inhibits b-AR-stimulated apoptosis, ARVMs were pretreated with SAL for 30 min (1 lM) followed by treatment with ISO (10 lM) for 24 h. Analysis of apoptosis using TUNEL-staining assay indicated that pretreatment with SAL almost completely inhibits b-AR-stimulated apoptosis (CTL, 4.9 ± 0.52; ISO, 8.5 ± 0.94*; SAL ? ISO, 4.80 ± 0.36 $ ; SAL, 4.11 ± 0.33; *P \ 0.05 vs. CTL; $ P \ 0.05 vs. ISO; Fig. 6c ; n = 4).
Inhibition of caspase-12 inhibits apoptosis
ER stress-induced apoptosis involves activation of caspase-12 [12] . z-ATAD-FMK (z-ATAD) is considered as a specific inhibitor of caspase-12 [30] . To investigate the role of caspase-12, ARVMs were pretreated with z-ATAD for 30 min followed by treatment with ISO or THAP for 24 h. Analysis of apoptosis using TUNEL-staining assay indicated that z-ATAD almost completely inhibits b-AR-stimulated (CTL, 
Chronic b-AR stimulation induces ER stress in the heart
To investigate, if b-AR stimulation induces ER stress in vivo, mice were infused with ISO for 7 days. Western blot analyses of LV lysates indicated that ISO-infusion significantly increased GRP-78 and Gadd-153 proteins levels (Fig. 7a, b) , while activating caspase-12 as analyzed by decreased procaspase-12 signal (Fig. 7c) . ISO-infusion decreased phosphorylation of eIF-2a (Fig. 8a) . Fig. 5 Phosphorylation of PERK. ARVMs were treated with ISO for 15 min, and ISO or THAP for 3 or 24 h. Cell lysates were analyzed by western blot using anti-phospho-specific PERK antibodies. a b-AR stimulation for 15 min increased PERK phosphorylation. *P \ 0.05 versus CTL; n = 3. b b-AR stimulation or THAP treatment for 3 h increased PERK phosphorylation; *P \ 0.05 versus CTL; n = 4. c Phosphorylation of PERK decreased at 24 h after b-AR stimulation, however, PERK phosphorylation stayed higher at 24 h after THAP treatment. *P \ 0.05 versus CTL; n = 5-6. The lower panels exhibit the mean data normalized to GAPDH SAL inhibits activation of caspase-12, dephosphorylation of eIF-2a, and myocyte apoptosis in the heart To determine if SAL affects b-AR-stimulated activation of caspase-12, phosphorylation of eIF-2a, and myocyte apoptosis in the heart, mice were infused with ISO in the presence or absence of SAL. Western blot analysis of LV lysates demonstrated that SAL inhibits ISO-mediated increases in the activation of caspase-12 as analyzed by the increased intensity of procaspase-12 when compared with ISO group (Fig. 7c) . SAL treatment enhanced eIF-2a phosphorylation in the presence of ISO (Fig. 8a) .
ISO-infusion (7 days) increased the number of TUNELpositive myocytes in the heart (Fig. 8b) . However, the percentage of apoptotic myocytes was significantly lower in the presence of SAL (percent apoptosis; sham, 0.05 ± 0.02; ISO, 0.28 ± 0.02*; ISO ? SAL, 0.09 ± 0.02 $ ; SAL, 0.07 ± 0.02; *P \ 0.05 vs. CTL; $ P \ 0.05 vs. ISO; n = 3-5).
Discussion
Stimulation of b-AR induces apoptosis in cardiac myocytes in vitro and in vivo [6, 8, [31] [32] [33] . However, molecular The lower panels exhibit the mean data normalized to GAPDH. b Salubrinal maintains eIF-2a phosphorylation. ARVMs were pretreated with SAL (10 lM) for 30 min followed by treatment with ISO for 3 h. Cell lysates were analyzed by western blot using anti-phospho-specific eIF-2a antibodies. *P \ 0.05 versus CTL; $ P \ 0.05 versus ISO; n = 3. The lower panels exhibit the mean data normalized to GAPDH. c Salubrinal inhibits b-AR stimulated apoptosis. ARVMs were pretreated with SAL (1 lM) for 30 min followed by treatment with ISO for 24 h. The number of apoptotic cells was measured using TUNEL-staining assay. *P \ 0.05 versus CTL; $ P \ 0.05 versus ISO; n = 4. D. Inhibition of caspase-12 inhibits apoptosis. ARVMs were pretreated with z-ATAD for min followed by treatment with ISO or THAP for 24 h. The number of apoptotic cells was measured using TUNEL-staining assay. *P \ 0.05 versus CTL; $ P \ 0.05 versus ISO or THAP; n = 4-5 signals involved in b-AR-stimulated apoptosis are not yet completely understood. ER stress is suggested to play a critical role in the pathogenesis of heart failure [34] . The major findings of the present study are-(1) ER stress induces apoptosis in adult cardiac myocytes; (2) b-AR stimulation induces ER stress in adult cardiac myocytes in vitro and in vivo; (3) ER stress occurs via the involvement of b1-AR subtype as evidenced by phosphorylation of eIF2a; (4) b-AR-stimulated induction of ER stress involves increases in cellular concentration of cAMP as evidenced by decreased phosphorylation of eIF-2a using forskolin; (5) inhibition of caspase-12 inhibits b-AR-stimulated apoptosis; and (6) inhibition of ER stress inhibits b-AR-stimulated apoptosis in vitro and in vivo.
Stress conditions that interfere with the homeostasis of the ER initiate diverse signaling responses, resulting in a decreased rate of protein translation to prevent further accumulation of unfolded proteins. There is simultaneous activation of transcription factors to induce the expression of ER-resident chaperones to deal with accumulated protein aggregates. To halt the build-up of proteins, ER-specific protein-degrading apparatus also becomes activated [11] [12] [13] . These processes allow time to re-establish cellular homeostasis. However, if the stress cannot be resolved, the cell may die because of apoptosis. ER stress is shown to be involved in the apoptosis of neonatal rat cardiac myocytes [35] . In neonatal rat cardiac myocytes, antibodies against b1-AR induced ER stress and apoptosis [18] . Neonatal and adult cardiac myocytes are suggested to be physiologically different with respect to growth/hypertrophy and adrenergic physiology [36] [37] [38] . In this study, we provide evidence that pharmacological inducers of ER stress (thapsigargin and BFA) induce apoptosis in adult cardiac myocytes. Tunicamycin, which induces accumulation of misfolded proteins and ER stress, also increased the number of apoptotic ARVMs (not shown). Furthermore, thapsigargininduced apoptosis was inhibited by the inhibition of caspase-12. Thus, induction of ER stress may represent a common signaling pathway leading to apoptosis in neonatal and adult cardiac myocytes.
Stress conditions initiate an adaptive response called UPR or ER stress response. The UPR is characterized by the coordinated activation of multiple proteins, including PERK and eIF-2a. The activation of the UPR may lead either to cell survival by triggering the synthesis of ER chaperone proteins such as GRP-78 or to cell demise via the activation of apoptosis [11] . The molecular components involved in the UPR leading to cell survival or cell death signaling are classified as sensors, modulators, and effectors. In this study, we analyzed expression of GRP-78, and phosphorylation of PERK and eIF-2a (as examples of ER stress sensors), expression of Gadd-153 and Gadd-34 (as examples of ER stress modulators) and activation of It is interesting to note that both ISO and THAP induce ER stress in ARVMs. However, time points at which different ER stress molecules are activated or expressed appear different. Both ISO and THAP increased Gadd-153 and Gadd-34 protein levels at 3 h after treatment. However, Gadd-153 expression remained higher at 24 h after THAP treatment. b-AR stimulation, not THAP, for 3 h increased expression of GRP-78. Both ISO and THAP increased PERK phosphorylation at 3 h after treatment. PERK phosphorylation was decreased at 24 h after ISO treatment, while PERK phosphorylation remained higher at 24 h after THAP treatment. eIF-2a phosphorylation remained lower than control at 3 and 24 h after ISO treatment, while eIF-2a phosphorylation remained unchanged at 3 h after THAP treatment and was higher than control at 24 h after THAP [39] . Phosphorylation of ser 51 residue in eIF-2a is considered as an important signaling event of ER stress. This phosphorylation of eIF-2a prevents initiation of protein translation and transiently halts global protein synthesis, while upregulating the translation of selected stress-induced mRNAs [21, 40] . The apoptotic stimuli are shown to induce transient phosphorylation of eIF-2a. In neuro-ectodermal tumor cells, ER stressors including THAP induced transient phosphorylation of eIF-2a [39] . Likewise, transient eIF-2a phosphorylation was observed in response to glutamate receptor agonist kainic acid [41] . The data presented here demonstrate that b-AR stimulation also induces transient phosphorylation of eIF-2a. It was interesting to note that phosphorylation of eIF-2a was greater at 15 min after b-AR stimulation. However, it declined below control levels at 3 h after b-AR stimulation. The initial increase in eIF-2a phosphorylation suggests cellular attempt to relieve ER stress, while decreased phosphorylation of eIF-2a at 3 h b-AR stimulation suggests ER stress, leading to cell demise.
Activation of PERK phosphorylates eIF-2a [11] , while Gadd-34 (a non-enzymatic cofactor of PP1) dephosphorylates eIF-2a [25] . b-AR stimulation for 15 min activated PERK (Fig. 5 ) and increased phosphorylation of eIF-2a (Fig. 4 ) with no effect on the expression of Gadd-34 (data not shown). On the other hand, PERK phosphorylation remained higher at 3 h after b-AR stimulation, while eIF2a phosphorylation declined with concomitant increase in Gadd-34 expression. These data suggest a role for PERK in the increased phosphorylation of eIF-2a 15 min after b-AR stimulation and a role for Gadd-34/PP1 complex in the dephosphorylation of eIF-2a at 3 h after b-AR stimulation. SAL is identified as a selective inhibitor of Gadd-34/PP1 complex [21] , thereby maintaining eIF-2a phosphorylation and offering protection from the adverse effects of ER stress [29] . SAL pretreatment improved phosphorylation of eIF-2a, and inhibited b-AR-stimulated increase in cardiac myocyte apoptosis in vitro and in vivo. Thus, maintenance of eIF-2a phosphorylation may represent an important signaling event offering protection against ER stress.
Stimulation of b1-AR-Gs pathway increases apoptosis in ARVMs, while stimulation of b2-AR-Gi pathway plays an anti-apoptotic role in b-AR-induced apoptosis [20, 28] . CGP, not ICI, inhibited b-AR-stimulated decreases in eIF2a phosphorylation, suggesting involvement of b1-AR subtype in the dephosphorylation of eIF-2a. Activation of b-AR in cardiac myocytes increases the cellular concentration of cAMP [42] . Previously, direct stimulation of adenylyl cyclase using forskolin is shown to induce apoptosis in ARVMs [7] . Similar to b-AR stimulation, forskolin treatment for 3 h decreased phosphorylation of eIF-2a, suggesting involvement of cAMP in this process.
b-AR-stimulation increases intracellular calcium concentration [7] . This increase in intracellular may alter ER Ca ?? homeostasis and activation of m-calpain, leading to activation of caspase-12 [11] . Activated caspase-12 translocates from ER to cytosol and contributes to the activation of caspase-9 and caspase-3 leading to apoptosis [12] . Caspase-12 is shown to be an important regulator of ER stress-induced apoptosis, since caspase-12 deficient cells and mice exhibit reduced sensitivity to apoptosis induced by ER stress agents such as BFA and tunicamycin [43] . Using specific inhibitor of caspase-12, we provide evidence for the involvement of caspase-12 in b-AR-stimulated apoptosis. The involvement of caspase-12 is supported by the observation that THAP-induced apoptosis is inhibited by the inhibition of caspase-12 (Fig. 6d) .
Conclusion
The data presented here are of clinical significance since activation of the sympathetic nerves to the heart is a common feature of myocardial failure and stimulation of b-AR induces cardiac myocyte apoptosis in the heart. Inhibition of myocyte apoptosis using SAL suggests that a critical balance of phosphorylated eIF-2a may be necessary for myocyte survival during sympathetic overstimulation. A clear understanding of the signaling pathways involved in the regulation of expression and activity of components of ER stress and their role in cardiac myocyte apoptosis may uncover novel therapies for the treatment of heart failure.
